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A magnetic skyrmionium is a nontopological soliton, which has a doughnut-like out-of-plane spin texture in
thin films, and can be phenomenologically viewed as a coalition of two topological magnetic skyrmions with
opposite topological numbers. Due to its zero topological number (Q = 0) and doughnut-like structure, the
skyrmionium has its distinctive characteristics as compared to the skyrmion with Q = ±1. Here we system-
atically study the generation, manipulation and motion of a skyrmionium in ultrathin magnetic nanostructures
by applying a magnetic field or a spin-polarized current. It is found that the skyrmionium moves faster than
the skyrmion when they are driven by the out-of-plane current, and their velocity difference is proportional to
the driving force. However, the skyrmionium and skyrmion exhibit an identical current-velocity relation when
they are driven by the in-plane current. It is also found that a moving skyrmionium is less deformed in the
current-in-plane geometry compared with the skyrmionum in the current-perpendicular-to-plane geometry. Fur-
thermore we demonstrate the transformation of a skyrmionium with Q = 0 into two skyrmions with Q = +1
in a nanotrack driven by a spin-polarized current, which can be seen as the unzipping process of a skyrmionium.
We illustrate the energy and spin structure variations during the skyrmionium unzipping process, where linear
relations between the spin structure and energies are found. These results could have technological implications
in the emerging field of skyrmionics.
PACS numbers: 75.60.Ch, 75.70.Kw, 75.78.Cd, 12.39.Dc
I. INTRODUCTION
Magnetic skyrmion has emerged as an active research topic
in the recent decade, as it is a stable topological soliton an-
ticipated to be a fundamental component in future magnetic
data storage and spintronics applications [1–3]. Recent exper-
iments have confirmed the existence of the skyrmion in a wide
variety of magnetic materials and structures [4–15]. Mean-
while, numerous theoretical and numerical studies have re-
vealed various potential applications of skyrmions toward the
skyrmion-electronics as well as the skyrmion-spintronics [16–
27].
However, there is a significant obstacle to the transmis-
sion of skyrmions in confined geometries, especially in the
high-speed operation, that is, the so-called skyrmion Hall ef-
fect (SkHE). The SkHE, which was previously theoretically
predicted [28] and has recently been observed experimen-
tally [29], is caused by the Magnus force acting on the moving
skyrmion with a topological number of Q = ±1. The SkHE
is generally a detrimental effect since the skyrmion experienc-
ing it will deviate from the desired transmission path, which
may ultimately lead to the destruction of the skyrmion at the
edge of the device. In light of this, strategies are urgently re-
quired to overcome the SkHE. One promising approach is to
construct an antiferromagnetically exchange-coupled bilayer
system [30, 31], in which the bilayer-skyrmion is a combi-
nation of a skyrmion with Q = +1 in the front layer and a
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skyrmion with Q = −1 in the back layer. It is an object with
Q = 0, and thus totally free of the SkHE.
In this respect, the magnetic skyrmionium is an intriguing
object in monolayer thin films, because it has a skyrmion-like
structure and yet has a topological number of Q = 0 [32]. It
is a composite structure made of a skyrmion with Q = +1
and a skyrmion with Q = −1 forming a doughnut-like out-
of-plane spin distribution [32–40], as illustrated in Fig. 1. It
has been theoretically suggested that the skyrmionium can
be created and remain stable in magnetic nanodisks with the
Dzyaloshinskii-Moriya interaction (DMI) [32, 33, 35, 38–41].
Indeed, the first experimental observation of the skyrmionium
has been achieved on a ferromagnetic (FM) thin film by laser
radiation with a higher energy as compare to the skyrmion
generation [9], where each skyrmionium thus created has been
found stable over a few years. More recently, and signifi-
cantly, it was predicted theoretically that the skyrmionium can
be driven into motion by the magnetic field gradient as well as
the in-plane spin-polarized current [36, 37], indicating its im-
portance in future electronic and spintronic applications.
In spite of its importance, the skyrmionium has not been
much studied and many of its properties remain elusive. In
this paper, we show that the skyrmionium has several dis-
tinctive features such as different generation, destruction and
transportation behaviors as compared to the skyrmion. In par-
ticular we study carefully the motion dynamics of a skyrmio-
nium in the nanotrack induced by either the in-plane or out-
of-plane spin-polarized current injection. It is found that
the steady velocity difference between the skyrmionium and
skyrmion is proportional to the driving current density when
they are driven by the out-of-plane current in the nanotrack.
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2However, the skyrmionium and skyrmion have no steady ve-
locity difference when they are driven by the in-plane current
in the nanotrack. The moving skyrmionium has the trend to be
distorted since the skyrmion with Q = +1 and the skyrmion
with Q = −1 components are affected by the SkHEs work-
ing in opposite directions. Importantly, we find that the dis-
tortion of the skyrmionium driven by the out-of-plane current
is much more significant than the skyrmionium driven by the
in-plane current with the same current density. Nevertheless,
intriguingly there are parameter regions where the skyrmio-
nium travels straightforward without deformation or obvious
deformation. Furthermore, we demonstrate that it is possible
to degenerate a skyrmionium with Q = 0 into a skyrmion
with Q = +1 or Q = −1 in a nanodisk by applying a mag-
netic field. We also illustrate the transformation of a skyrmio-
nium with Q = 0 into two skyrmions with Q = +1 in a nan-
otrack driven by a spin-polarized current, which can be seen
as the unzipping process of a skyrmionium. We investigate
the energy and spin structure variations during the unzipping
process of a skyrmionium, where linear relations between the
spin structures and energies are found. These results provide
a base for utilizing nontopological skyrmioniums for design-
ing novel information processing, storage and logic comput-
ing devices.
II. MAGNETIZATION DYNAMICS EQUATIONS
In our simulation, we model the ultrathin magnetic nan-
odisk with the radius r, as well as the ultrathin magnetic nan-
otrack with the length l and the width w, where the thickness
of the FM layer in all models is fixed at a = 1 nm throughout
the paper.
We perform the three-dimensional (3D) micromagnetic
simulation with the 1.2 alpha 5 release of the Object Ori-
ented MicroMagnetic Framework (OOMMF) software devel-
oped at the National Institute of Standards and Technology
(NIST) [42]. The simulation is carried out by a set of the
OOMMF extensible solver (OXS) objects of the standard
OOMMF distribution. Indeed, we include the OXS extension
module [38] in order to model the interface-induced DMI in
our simulation. In the absence of the spin-polarized current,
the 3D magnetization dynamics in the FM layer is governed
by the standard Landau-Lifshitz-Gilbert (LLG) equation [42–
44]
dM
dt
= −γ0M ×Heff + α
MS
(M × dM
dt
), (1)
where M is the magnetization, MS = |M | is the saturation
magnetization, t is the time, γ0 is the gyromagnetic ratio with
absolute value, and α is the Gilbert damping coefficient. Heff
is the effective field, which reads
Heff = −µ−10
∂E
∂M
. (2)
The average energy density E contains the Heisenberg ex-
change, the perpendicular magnetic anisotropy (PMA), the
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FIG. 1. (Color online) Illustrations of a magnetic skyrmionium with
a topological number of Q = 0, which can be seen as composed of a
skyrmion with Q = +1 and a skyrmion with Q = −1. The arrows
denote the spin directions. The dashed lines indicate the spin-to-spin
mapping relation among the skyrmion with Q = +1, the skyrmion
with Q = −1, and the skyrmionium with Q = 0.
applied magnetic field, the demagnetization, and the DMI en-
ergy terms, which is expressed as follows
E = A[∇(M
MS
)]2 −K (n ·M)
2
M2S
(3)
− µ0M ·H − µ0
2
M ·Hd(M)
+
D
M2S
(Mz
∂Mx
∂x
+Mz
∂My
∂y
−Mx ∂Mz
∂x
−My ∂Mz
∂y
),
where A, K, and D are the Heisenberg exchange, PMA, and
DMI energy constants, respectively. H is the applied mag-
netic field, andHd(M) is the demagnetization field. TheMx,
My and Mz are the three Cartesian components of the mag-
netization M . µ0 is the vacuum permeability constant, and
n is the unit surface normal vector. When the effect of the
spin-polarized current is taken into account, the 3D magneti-
zation dynamics in the FM layer is governed by the extended
LLG equation including the spin transfer torques (STTs). For
the current-perpendicular-to-plane (CPP) geometry, the LLG
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FIG. 2. (Color online) Total micromagnetic energy Etotal for FM
state, skyrmion, skyrmionium, and 3pi state as a function of the DMI
constant D in the nanodisk with r = 75 nm. Etotal includes the
Heisenberg exchange, PMA, demagnetization, and DMI energies. A
zoomed view of the curves around D = 4 mJ m−2 is given. Insets
show the top-views of the FM state, skyrmion, skyrmionium, and
3pi state at D = 4 mJ m−2, and that of the distorted skyrmion and
skyrmionium at D = 5.6 mJ m−2. The color scale, which has been
used throughout the paper, represents the out-of-plane magnetization
component mz .
equation (1) is extended into the form
dM
dt
=− γ0M ×Heff + α
MS
(M × dM
dt
) (4)
+
u
aMS
(M × p×M),
where u = |γ0~µ0e |
jP
2MS
is the STT coefficient, and p stands for
the unit spin polarization direction. ~ is the reduced Planck
constant, e is the electron charge, j is the applied current den-
sity, and P is the spin polarization rate. We set p = −zˆ
for creating the skyrmionium, and p = −yˆ for driving the
skyrmionium or the skyrmion. For the current-in-plane (CIP)
geometry, the LLG equation (1) is extended into the form
dM
dt
=− γ0M ×Heff + α
MS
(M × dM
dt
) (5)
+
u
M2S
(M × ∂M
∂x
×M)− βu
MS
(M × ∂M
∂x
),
with β being the strength of the nonadiabatic STT torque. The
intrinsic magnetic material parameters used in our simulation
are adopted from Refs. 18, 22, and 25: γ0 = 2.211 × 105 m
A−1 s−1, α = 0.3, MS = 580 kA m−1, A = 15 pJ m−1,
K = 0.8 MJ m−3, D = 0 ∼ 6 mJ m−2, and P = 0.4. All
models are discretized into tetragonal elements with the size
of 2a × 2a × a, which ensures a good compromise between
computational accuracy and efficiency.
On the other hand, both the skyrmionium and skyrmion are
characterized by the topological number Q, that is, the Pon-
tryagin number, which is given as
Q = − 1
4pi
∫
m · (∂m
∂x
× ∂m
∂y
)dxdy, (6)
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FIG. 3. (Color online) (a) Relaxed profiles mz(x) of the out-of-
plane magnetization component along the radius for the FM state,
skyrmion, skyrmionium, and 3pi state in the nanodisk with r = 75
nm and D = 4 mJ m−2. L = 66 nm and L0 = 47 nm stand
for the cycloid period of the skyrmionium and the anisotropy-free
cycloid period, respectively. (b) Sketch of the four-well potential
of the nanodisk with r = 75 nm and D = 4 mJ m−2, where the
skyrmion and skyrmionium are favorable (stable) states, while the
FM state and 3pi state are unfavorable (metastable).
with m = M/MS being the normalized magnetization. The
topological numberQ is also referred to as the skyrmion num-
ber. A skyrmion has a topological number of Q = ±1, while
a skyrmionium has a topological number of Q = 0. It should
be noted that the topological number Q takes an integer num-
ber only in a continuous and infinitely large system without
boundary. As our system has a underlying lattice structure
and a finite size, the topological number Q is not quantized.
We may even create or destroy a skyrmion in such a system.
See Ref. 45 for a detailed mechanism of these processes in
an instance of the topological charge Q = 2. Nevertheless, a
skyrmion is topologically stable as far as it is far away from
the boundary, where Q is almost quantized.
III. GENERATION OF A SKYRMIONIUM
First, we compare the energy level of the skyrmionium with
possible states, that is, the FM state, the skyrmion, and the 3pi
rotation state, in a magnetic nanodisk with the DMI. The ra-
dius of the nanodisk is fixed at r = 75 nm. By giving the the
FM state, skyrmion, skyrmionium, and 3pi state as the ini-
tial magnetization configuration of the nanodisk separately,
we calculate the total micromagnetic energy Etotal of the re-
laxed nanodisk as a function of the DMI constant D. The
results are given in Fig. 2.
It can be seen that the FM state is the most stable state when
D < 3.8 mJ m−2, while the skyrmion and skyrmionium be-
come more stable than the FM state when D > 3.8 mJ m−2.
When D > 4 mJ m−2, the 3pi state also becomes more stable
than the FM state. Hence, we identify the Dc = 3.8 mJ m−2
as the critical DMI constant (see Ref. 38) in the given nan-
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FIG. 4. (Color online) Generation of a skyrmionium by applying a spin-polarized current with the CPP geometry in the nanodisk with r = 75
nm and D = 4 mJ m−2. (a) Top-views of the magnetization distribution at selected t. A 200-ps-long spin-polarized current is injected into
the central region with a radius of ri = r/2, which is indicated by the black circle. (b) The spin-polarized current density j and the topological
number Q as functions of t. (c) The normalized in-plane and out-of-plane magnetization components (mx, my , mz) as functions of t.
odisk, beyond which the domain walls correspond to an en-
ergy gain and the FM state is thus unfavorable metastable or
unstable state. At D = 4 mJ m−2, we find that the skyrmion
and skyrmionium are favorable stable states as they have al-
most the same and lowest Etotal. That is to say, the FM state
and 3pi state, having higher Etotal, are unfavorable metastable
states. The magnetization configurations of the four states at
D = 4 mJ m−2 are shown in Fig. 2 inset. When D > 4
mJ m−2, Etotal of the skyrmionium is lower than that of the
skyrmion. And when D > 4.6 mJ m−2, the 3pi state has the
lowest Etotal compared to the other three states.
It should be noted that the relaxed skyrmion and the re-
laxed skyrmionium are spontaneously distorted, when D ≥ 5
mJ m−2 and D ≥ 5.4 mJ m−2, respectively. The magnetiza-
tion configurations of the distorted skyrmion and the distorted
skyrmionium at D = 5.6 mJ m−2 are also shown in Fig. 2
inset. The distorted skyrmion and the distorted skyrmionium
form when D is larger than certain values, as larger D favors
the formation of more and longer domain walls [38]. For ex-
ample, at the very large D = 5.6 mJ m−2, the 3pi state has
the lowest Etotal compared to the skyrmion and skyrmionium,
indicating three circular domain walls are more favorable than
two or one. Therefore, the skyrmion and skyrmionium have
to increase the length of their circular domain walls in order
to reach the relaxed metastable states, of whichEtotal are close
to the one of the 3pi state. However, as pointed out in Ref. 38,
the edge of the nanodisk provides a confinement, which lim-
its the change of the circular domain wall quantity. Hence,
the circular domain walls of the skyrmion and skyrmionium
with increased length longer than the perimeter of the nan-
odisk must be distorted in the nanodisk.
For the purposes of studying the generation of an undis-
torted skyrmionium as well as the transformation from the
skyrmionium to the skyrmion, we focus on the nanodisk with
D = 4 mJ m−2, where the skyrmion and skyrmionium are fa-
vorable, while the FM state and the 3pi state are unfavorable.
Figure 3(a) shows the relaxed profiles mz(x) of the out-of-
plane magnetization component along the right horizontal ra-
dius for the FM state, skyrmion, skyrmionium, and 3pi state,
and their relative Etotal profile is illustrated in Fig. 3(b).
As proved in Ref. 38, larger D favors higher magnetization
rotation in the nanodisk, especially when the nanodisk radius
is larger than the anisotropy-free period L0 = 4piA/D, which
describes the period of cycloids developed due to the DMI
in the absence of the PMA. For our parameter set, we have
L0 = 47 nm at D = 4 mJ m−2, thus it is reasonable to obtain
a stable skyrmionium in the nanodisk with r = 1.6L0. On
the other hand, according to Ref. 38, the cycloid period L
is longer than the anisotropy-free L0 at D/Dc = 1 in the
presence of the PMA. Indeed, as shown in Fig. 3(a), where
D/Dc ≈ 1, the cycloid period of the skyrmionium equals
L = 1.4L0 = 66 nm, justifying the favorable stability of the
skyrmionium at the given condition. Besides, it is obvious that
the cycloid period of the 3pi state or even higher magnetization
rotation state is shorter than L0, indicating the 3pi state and
even higher magnetization rotation state are unfavorable at the
given condition. However, as mentioned above and pointed
out in Ref. 38, the nanodisk edge provides a confinement, that
is, a topological barrier, thus the 3pi state can exist here as a
metastable state once it is formed artificially.
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FIG. 5. (Color online) Dependence of the size and shape of the skyrmionium on the applied perpendicular magnetic field Hz in the nanodisk
with r = 75 nm and D = 4 mJ m−2. (a) Top-views of the magnetization distribution at selected Hz . (b) Relaxed profile mz(x) along the
nanodisk radius at selected Hz . (c) Relaxed profile mz(x) along the nanodisk diameter as a function of Hz . Hz > 0 (Hz < 0) denotes the
field is applied along the +z-direction (−z-direction). When Hz > 130 mT or Hz < −260 mT, the degeneration of a skyrmionium with
Q = 0 to a skyrmion with Q = ±1 occurs.
By using the nanodisk with D = 4 mJ m−2, we study the
generation of a skyrmionium, where the skyrmionium is a fa-
vorable stable state [see Fig. 3(b)] without any distortion once
it is created. We perform the generation of a skyrmionium
in the nanodisk by applying a spin-polarized current locally
with the CPP geometry, as shown in Fig. 4(a). The initial
magnetization configuration of the nanodisk is the FM state,
where the magnetization is aligned along the +z-direction.
The spin-polarized current of j = 7× 108 A cm−2 is injected
into the nanodisk within the central region with a radius of
ri = r/2 = 37.5 nm for 200 ps, followed by an 800-ps-long
relaxation without applying any current. The STT provided
by the spin-polarized current reverses the magnetization in-
side the current injection region.
Figure 4(a) shows the top-views of the nanotrack at selected
times. The j and Q as functions of t in the generation process
are given in Fig. 4(b). The corresponding normalized in-plane
and out-of-plane magnetization components mx, my , and mz
of the nanodisk as functions of t are shown in Fig. 4(c). It can
be seen that, within the current injection region, the magne-
tization in the core region is pointing along the +z-direction
while the magnetization around the core is flipped into the
plane at t = 75 ps, resulting in the formation of a doughnut-
like region of reversed magnetization. At t = 100 ps, the
magnetization inside the doughnut-like region is reversed to
the −z-direction, where the magnetization configuration of a
skyrmionium is almost developed. The magnetization in the
nanodisk reaches the relaxed state at t = 400 ps, where a sta-
ble static skyrmionium is successfully generated.
IV. MANIPULATION OF A SKYRMIONIUM
We have demonstrated the generation of a skyrmionium in
the nanodisk by applying a spin-polarized current with the
CPP geometry in Sec. III. Here we continue to investigate the
manipulation of a skyrmionium in the nanodisk by applying
an external static magnetic field perpendicular to the plane
of the nanodisk. The geometry and parameters of the nan-
odisk are the same as those used for creating a skyrmionium
in Sec. III. A skyrmionium is first created and relaxed in the
nanodisk in the absence of the applied magnetic field, that is,
Hz = 0 mT, then a magnetic field is perpendicularly applied
to the nanodisk with a constant amplitude, leading to a new
relaxed state of the system.
Figure 5(a) shows the top-views of the relaxed nanodisk
at selected values of Hz , of which the corresponding out-of-
plane magnetization component profiles along the right hori-
zontal radius of the nanodisk are given in Fig. 5(b). It can be
seen that the applied magnetic field within a certain range can
adjust the size and shape of the skyrmionium. When the mag-
netic field is applied perpendicularly to the nanodisk plane and
along the +z-direction, that is, Hz > 0 mT, the size of the
skyrmionium shrinks, where both radiuses of the inner and
outer circular domain walls decrease. When the amplitude
of the magnetic field is increased to be larger than a certain
threshold, that is, Hz = 130 mT, the inner circular domain
wall will be annihilated as it shrinks to the lattice size, result-
ing in the transformation of a skyrmionium with Q = 0 into
a skyrmion with Q = +1 in the nanodisk. On the other hand,
6when the magnetic field is applied perpendicularly to the nan-
odisk plane and along the −z-direction, that is, Hz < 0 mT,
the skyrmionium size expands, where the radius of the inner
circular domain wall decreases and that of the outer one in-
creases. When the amplitude of the magnetic field is reduced
to be smaller than a certain threshold, that is, Hz = −260
mT, the outer circular domain wall will be eliminated from
the edge of the nanodisk, giving rise to the transformation of
a skyrmionium with Q = 0 into a skyrmion with Q = −1 in
the nanodisk. It should be noted that if the amplitude of the
applied magnetic field is larger than 450 mT or smaller than
−490 mT, that is, Hz > 450 mT or Hz < −490 mT, the nan-
odisk will be magnetized to its saturated state, that is, the FM
state.
We call the magnetic field-induced transformation of a
skyrmionium withQ = 0 into a skyrmion with eitherQ = +1
or Q = −1 as the degeneration of a skyrmionium. As shown
in Fig. 5(c), we represent the profiles of the relaxed out-of-
plane magnetization component along the nanodisk diameter
[see Fig. 5(a)] at successively increasing or decreasing applied
magnetic field, which are measured with a field step of 10
mT in the range of Hz = −490 ∼ 450 mT. It clearly illus-
trates the irreversible degeneration of a skyrmionium with the
topological number transition of Q = 0 → Q = ±1. Fig-
ures 6(a) and 6(b) show the normalized out-of-plane magne-
tization component mz and the topological number Q of the
nanodisk as functions of Hz applied along the +z-direction
and the−z-direction, respectively, corresponding to Fig. 5(c).
It can be seen that mz is proportional to Hz for a skyrmion-
ium with Q = 0, while it is almost constant for a skyrmion
with Q = ±1. We also note there exist sharp changes
of mz with respect to Hz at the topological transitions of
Q = 0 → Q = +1 and Q = 0 → Q = −1, as denoted
in Fig. 6, which indicates the drastic change of magnetiza-
tion configuration in the nanodisk at the critical moment of
the skyrmionium degeneration.
It is worth mentioning that the degeneration of a skyrmio-
nium in the nanodisk can also be triggered by other stim-
uli, such as the spin-polarized current. As presented in a re-
cent study [39], the skyrmionium is switched in the nanodisk
by applying a spin-polarized current with the CPP geometry,
which is a methodologically similar but topologically differ-
ent process to the skyrmionium degeneration.
V. MOTION OF A SKYRMIONIUM
We have shown the spin-polarized current-induced genera-
tion and magnetic field-driven manipulation of a skyrmionium
in Sec. III and Sec. IV, respectively. Now we move on to dis-
cuss the spin-polarized current-driven motion of a skyrmio-
nium, its distortion, as well as its destruction in a magnetic
nanotrack.
We first simulate the spin-polarized current-driven motion
of a skyrmionium in the nanotrack with l = 1000 nm, w =
150 nm, and D = 3.5 mJ m−2. A skyrmionium is created
and relaxed near the left end of the nanotrack, that is, with its
center at (0.1l, 0.5w), before we applying the driving current.
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FIG. 6. (Color online) The normalized out-of-plane magnetization
component mz and the topological number Q as a function of Hz
applied along (a) the +z-direction and (b) the −z-direction, corre-
sponding to Fig. 5(c).
For the CPP geometry, a spin-polarized current is injected into
the nanotrack from the bottom, which can be realized by the
spin Hall effect [14, 18, 21]. For the CIP geometry, a spin-
polarized current is injected into the nanotrack from the left
end, that is, the electrons flow toward the right in the nan-
otrack. For contrast and comparison purposes, we also simu-
late the spin-polarized current-driven motion of a skyrmion in
the same device.
As shown in Fig. 7, the skyrmion velocity vsk and the
skyrmionium velocity vskium as functions of j are micromag-
netically calculated, where different results are found for the
model with the CIP geometry and that with the CPP geome-
try. For the case of the CIP geometry, the skyrmionium and
skyrmion attain the same current-velocity (j-v) relation for the
given range of driving current density, that is, j = 10 ∼ 100
MA cm−2, which shows up as overlapping j-v curves for the
skyrmionium and skyrmion. Indeed, both vskium and vsk at a
given j increase with the strength of non-adiabatic STT torque
β. The skyrmionium moves along the nanotrack without ob-
vious distortion and reaches a steady velocity of vskium = 78
m s−1 at j = 100 MA cm−2 and β = 0.6.
By contrast, for the case of the CPP geometry, vskium is
clearly higher than vsk when j > 2 MA cm−2, as shown in
Fig. 7. It can be seen that the velocity difference between
vskium and vsk increases with increasing j. The skyrmion-
ium moves along the nanotrack without obvious distortion and
reaches a steady velocity of vskium = 46 m s−1 at j = 5 MA
cm−2, where the skyrmion reaches a relatively low steady
velocity of vsk = 42 m s−1. The velocity difference is
vskium − vsk = 4 m s−1. At j = 15 MA cm−2, the skyrmio-
nium moves with an obvious distortion and reaches a steady
velocity of vskium = 136 m s−1, where the skyrmion only
reaches a steady velocity of vsk = 107 m s−1. The velocity
difference is increased to be vskium − vsk = 29 m s−1. When
the driving current density with the CPP geometry j > 15
MA cm−2, the moving skyrmionium will be extremely dis-
torted and destroyed, which is caused by the SkHE exerted on
the skyrmion with Q = +1 and the skyrmion with Q = −1
consisting the skyrmionium (see Fig. 1). Similarly, when the
driving current density with the CPP geometry j > 17 MA
cm−2, the moving skyrmion will be destroyed at the upper
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FIG. 7. (Color online) Velocity for the skyrmion vsk, skyrmionium
vskium, and bilayer-skyrmionium vbi-skium driven by the spin-polarized
current with the CPP or CIP geometry as a function of the driving
current density j in the nanotrack with l = 1000 nm, w = 150 nm,
and D = 3.5 mJ m−2. The velocity at different j is measured when
steady motion is attained. The skyrmionium and skyrmion will be
destroyed when the driving current density with the CPP geometry is
larger than 15 MA cm−2 and 17 MA cm−2, respectively.
edge of the nanotrack due to the SkHE.
The top-views of the skyrmionium and skyrmion driven
by the CPP and the CIP geometries are illustrated in Fig. 8.
Both the skyrmionium and skyrmion in the given nanotrack
at zero driving current are relaxed at the central line of the
nanotrack [see Figs. 8(a) and 8(f)]. When a relatively small
driving current of j = 3 MA cm−2 with the CPP geometry
is applied, the skyrmionium moves along the central line of
the nanotrack, while the skyrmion first approaches the upper
edge and then moves along the edge. The top-views of their
configurations in the steady motion are given in Figs. 8(b) and
8(g), respectively. When a relatively large driving current of
j = 13 MA cm−2 with the CPP geometry is applied, it can
be seen that the skyrmionium still moves along the central
line of the nanotrack, however, its structure is obviously dis-
torted [see Fig. 8(c)]. The behavior of the skyrmion is the
same as that driven by the relatively small driving current with
the CPP geometry, although it presses more strongly the up-
per edge due to the presence of the relatively large driving
current. On the other hand, when a relatively small driving
current of j = 90 MA cm−2 with β = 0.6 with the CIP ge-
ometry is applied, the skyrmionium moves along the central
line of the nanotrack with no transverse shift [see Fig. 8(d)],
and the skyrmion moves along the upper edge [see Fig. 8(i)].
When a relatively large driving current of j = 200 MA cm−2
with β = 0.6 with the CIP geometry is applied, it shows that
the skyrmionium moves along the nanotrack with an obvious
distortion [see Fig. 8(e)], and the skyrmion moves along the
upper edge with an increased transverse shift [see Fig. 8(j)].
By comparing the results of the CPP geometry and the CIP
geometry, it is clear that the CPP geometry is significantly
efficient in moving a skyrmionium in the nanotrack, which is
the same as in the case of current-driven skyrmions [18] and
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FIG. 8. (Color online) (a) A relaxed skyrmionium at j = 0 MA
cm−2. (b) A skyrmionium in the steady motion driven by the CPP
geometry of j = 3 MA cm−2, and (c) of j = 13 MA cm−2. (d)
A skyrmionium in the steady motion driven by the CIP geometry of
j = 90 MA cm−2, and (e) of j = 200 MA cm−2. (f) A relaxed
skyrmion at j = 0 MA cm−2. (g) A skyrmion in the steady motion
driven by the CPP geometry of j = 3 MA cm−2, and (h) of j = 13
MA cm−2. (i) A skyrmion in the steady motion driven by the CIP
geometry of j = 90 MA cm−2, and (j) of j = 200 MA cm−2. Here,
for the CIP geometry, β = 0.6.
domain walls [46]. In order to understand the current-induced
motion dynamics of the skyrmionium with the CPP and CIP
geometries, we analyze the steady motion of the skyrmionium
in the nanotrack using the Thiele equation approach [16, 17,
21, 47, 48], where we assume the skyrmionium is rigid in the
steady motion.
For the CPP geometry, the Thiele motion equation is de-
rived from the magnetization dynamics equation (4), which is
expressed as follows,
G× vCPP − αD · vCPP + 4piB · j + F = 0, (7)
where vCPP = (vCPPx , v
CPP
y ) is the steady velocity of the
skyrmionium or skyrmion, and j = (j, 0) is the driving cur-
rent. F stands for the force exerted on the skyrmionium or
skyrmion by the edge of the nanotrack. For the situation that
the skyrmionium and skyrmion have reached the steady mo-
tion in the nanotrack, we have two relations hold directly:
vCPPy = 0 and Fx = 0 (see Refs. 17–19). The first term on
left-hand side of Eq. (7) is the Magnus force term with the
gyromagnetic coupling vector
G = (0, 0, 4piQ), (8)
where Q = 0 for the skyrmionium and Q = ±1 for the
skyrmion. The second term on left-hand side of Eq. (7) is the
dissipative force term with the dissipative tensor describing
the effect of the dissipative force on the moving skyrmionium
or skyrmion
D = 4pi
(Dxx Dxy
Dyx Dyy
)
, (9)
where the tensor components are calculated by
Dµν = 1
4pi
∫
∂m
∂µ
· ∂m
∂ν
dxdy, (10)
where µ and ν run over x and y. The integrations are car-
ried out over the region containing the skyrmionium or the
82 4 6 8 1 0 1 2 1 4- 2
0
2
4
6
2 0 4 0 6 0 8 0 1 0 0- 2
0
2
4
6
2 0 4 0 6 0 8 0 1 0 0- 2
0
2
4
6
2 0 4 0 6 0 8 0 1 0 0- 2
0
2
4
6
2 4 6 8 1 0 1 2 1 4- 2 0
- 1 0
0
1 0
2 0
2 0 4 0 6 0 8 0 1 0 0- 2 0
- 1 0
0
1 0
2 0
2 0 4 0 6 0 8 0 1 0 0- 2 0
- 1 0
0
1 0
2 0
2 0 4 0 6 0 8 0 1 0 0- 2 0
- 1 0
0
1 0
2 0
S k i u mS k
  x x   y y   x y   x x   y y   x y
( f )( e )
( d )( c )( b )
 
j  ( M A  c m - 2 )
( a ) C P P C I P    =  0 . 1 5
( g )

j  ( M A  c m - 2 )
C I P    =  0 . 3

j  ( M A  c m - 2 )
C I P    =  0 . 6

j  ( M A  c m - 2 )
S k i u mS k
C P P

j  ( M A  c m - 2 )
S k i u mS k
C I P    =  0 . 1 5

j  ( M A  c m - 2 )
C I P    =  0 . 3
  x x   y y   x y   y x   x x   y y   x y   y x

j  ( M A  c m - 2 )
C I P    =  0 . 6( h )

j  ( M A  c m - 2 )
FIG. 9. (Color online) The components of the dissipative tensorD, that is, Dxx, Dyy , Dxy , and Dyx as functions of j for the skyrmion (solid
symbols) and skyrmionium (open symbols) driven by (a) CPP geometry, (b) CIP geometry with β = 0.15, (c) CIP geometry with β = 0.3,
and (d) CIP geometry with β = 0.6. Here, Dxy = Dyx. The components of the I tensor, that is, Ixx, Iyy , Ixy , and Iyx as functions of
j for the skyrmion (solid symbols) and skyrmionium (open symbols) driven by (e) CPP geometry, (f) CIP geometry with β = 0.15, (g) CIP
geometry with β = 0.3, and (h) CIP geometry with β = 0.6. Insets show the skyrmion and skyrmionium at selected j and current injection
geometries indicated by the vertical dash lines.
skyrmion. The third term on left-hand side of Eq. (7) is the
driving force term with the tensor linked to the STT (see
Sec. II)
B = u
aj
(−Ixy Ixx
−Iyy Iyx
)
, (11)
where the tensor components are calculated by
Iµν = 1
4pi
∫ (
∂m
∂µ
×m
)
ν
dxdy, (12)
where µ and ν run over x and y. Similarly, the integrations are
carried out over the region containing the skyrmionium or the
skyrmion. For the skyrmionium in the given nanotrack [see
Fig. 8(a)], we find it has Dxx = Dyy = 5, Dxy = Dyx = 0,
Ixx = Iyy = 0 and Ixy = −Iyx = 36a. For the skyrmion
in the given nanotrack [see Fig. 8(f)], we find it has Dxx =
Dyy = 2, Dxy = Dyx = 0, Ixx = Iyy = 0 and Ixy =
−Iyx = 12a. Hence, from the Thiele motion equation (7) for
the CPP geometry we find
vCPPx =
uIxy
aαDxx , v
CPP
y = 0. (13)
By substituting the parameters of the skyrmionium with
Q = 0 into Eq. (13), we find the steady velocity of the
skyrmionium as
vCPPx,skium =
7.2u
α
, vCPPy,skium = 0. (14)
In the same way, by substituting the parameters of the
skyrmion with Q = +1 into Eq. (13), we find the steady ve-
locity of the skyrmion as
vCPPx,sk =
6u
α
, vCPPy,sk = 0. (15)
the skyrmionium and skyrmion go straight in the x-direction
as they have vCPPy = 0 in the steady motion. Thus the velocity
difference between the skyrmionium and skyrmion at a certain
j for our parameters, where α = 0.3, is given as
vCPPskium − vCPPsk = 4u. (16)
Clearly, it can be seen that, with the CPP geometry, vCPPskium
is larger than vCPPsk when j > 0 MA cm
−2, and the velocity
difference is proportional to j, which matches well with our
simulation results (see Fig. 7), although the skyrmionium in
the simulation will be distorted at a large j [see Fig. 8(c)].
It should be noted that, in the given nanotrack, the skyrmion
approaches the edge as it has vCPPy,sk 6= 0 due to the SkHE at
the beginning of the simulation. However, the edge of the
nanotrack will limit its motion in the y-direction, and thus it
will have a constant transverse shift [compare Fig. 8(f) and
Fig. 8(g)] and vCPPy,sk = 0 when the steady motion is reached.
For the CIP geometry, the Thiele motion equation is de-
rived from the magnetization dynamics equation (5), which is
expressed as follows
G× (vCIP − u)+D (βu− αvCIP)+ F = 0, (17)
9where vCIP = (vCIPx , v
CIP
y ) is the steady velocity of the
skyrmionium or skyrmion, and u = (u, 0) is determined
by the driving current j (see Sec. II). Similarly, for both the
skyrmionium and skyrmion in the steady motion, we have two
relations hold directly: vCIPy = 0 and Fx = 0 (see Refs. 17–
19). Hence, from Eq. (17) we find
vCIPx =
βu
α
, vCIPy = 0. (18)
It can be seen that, for both the skyrmionium and skyrmion
driven by the CIP geometry in the given nanotrack, we have
vCIPx,skium = v
CIP
x,sk =
βu
α
, vCIPy,skium = v
CIP
y,sk = 0. (19)
the skyrmionium and skyrmion in the given nanotrack un-
dergo a straight steady motion in the x-direction as they have
vCIPy = 0. The velocity difference between the skyrmionium
and skyrmion at a certain j is straightforwardly given as
vCIPskium − vCIPsk = 0. (20)
That is to say, in the presence of the driving current with the
CIP geometry, the steady velocity of the skyrmionium is iden-
tical to that of the skyrmion at a certain j, which is in good
agreement with our simulation results (see Fig. 7).
On the other hand, by comparing Eq. (14) and Eq. (19), we
calculate the steady-velocity ratio of the skyrmionium driven
by the CPP geometry to that driven by the CIP geometry,
which is expressed as
vCPPskium/v
CIP
skium = 7.2/β. (21)
It shows that the ratio only depends on the strength of non-
adiabatic STT torque β. For example, the steady veloc-
ity of the skyrmionium driven by the CPP geometry is 24
times higher than that driven by the CIP geometry at a cer-
tain j when β = 0.3. In our simulation with β = 0.3
and j = 10 MA cm−2 (see Fig. 7), we numerically find
vCPPskium = 92 m s
−1 and vCIPskium = 3.9 m s
−1, where we have
vCPPskium/v
CIP
skium = 23.6, which matches well with the analytical
solution vCPPskium/v
CIP
skium = 24 given by Eq. (21).
Although we assume the skyrmionium is a rigid object in
the analysis using the Thiele motion equations, it should be
noted that the skyrmionium will be distorted and even be de-
stroyed when j is larger than a certain value, either with the
CPP geometry or CIP geometry [see Figs. 8(c) and 8(e)]. The
reason is that the skyrmion with Q = +1 and the skyrmion
with Q = −1, which consist the skyrmionium, experience
opposite forces induced by the driving current, which are pro-
portional to j. Here we can find the edge-induced force acted
on the skyrmion in the steady motion driven by the CPP ge-
ometry from Eq. (7),
FCPPx = 0, F
CPP
y = −
4piuQIxy
aαDxx , (22)
as well as the edge-induced force acted on the skyrmion in the
steady motion driven by the CIP geometry from Eq. (17),
FCIPx = 0, F
CIP
y =
4piuQ(α− β)
α
. (23)
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FIG. 10. (Color online) The destruction process of a skyrmionium
driven by the CPP geometry of j = 18 MA cm−2 in the nan-
otrack with l = 1000 nm, w = 150 nm, and D = 3.5 mJ m−2.
The skyrmionium goes straight with deformation since the opposite
Magnus forces act on the outer skyrmion with Q = +1 and the in-
ner skyrmion with Q = −1, which results in the destruction of the
skyrmionium into a skyrmion with Q = +1. After the destruction,
the skyrmion with Q = +1 touches the upper edge of the nanotrack
as the SkHE is active.
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FIG. 11. (Color online) Top-views of the motion of a magnetic
bilayer-skyrmionium driven by the CPP or CIP geometry in an anti-
ferromagnetically exchange-coupled bilayer nanotrack with l = 750
nm, w = 150 nm, and D = 3.5 mJ m−2. Top-views of (a) the
bottom and (b) the top FM layers at t = 0 ps, where no driving
current is applied. Top-views of (c) the bottom and (d) the top FM
layers when the CPP driving current of j = 30 MA cm−2 is ap-
plied, the bilayer-skyrmionium moves along the nanotrack without
any distortion, reaching a steady velocity of vbi-skium = 134 m s−1.
Top-views of (e) the bottom and (f) the top FM layers when the driv-
ing current of j = 100 MA cm−2 with the CIP geometry is applied
with β = 0.6, the bilayer-skyrmionium moves along the nanotrack
without any distortion, reaching a steady velocity of vbi-skium = 78 m
s−1.
It is noteworthy that, with our simulation parameters, for ex-
ample β = 0.6, the ratio of the edge-induced force acted on
a skyrmion with Q = +1 driven by the CPP geometry to that
driven by the CIP geometry are given as
FCPPy,sk/F
CIP
y,sk = −
Ixy
aDxx(α− β) = 20. (24)
That is to say, the current-induced force under the CPP ge-
ometry, which is the reaction force of the edge-induced one,
acted on the skyrmion at a certain j and β = 0.6 is 20 times
larger than that induced by the CIP geometry. This is the rea-
son that the distortion of the skyrmionium [compare Fig. 8(c)
and Fig. 8(d)] as well as the transverse shift of the skyrmion
[compare Fig. 8(h) and Fig. 8(i)] driven by the CIP geometry
are much smaller than that driven by the CPP geometry at a
certain j.
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FIG. 12. (Color online) Unzipping of a skyrmionium with Q = 0
into two skyrmions with Q = +1 in a nanotrack device with the
junction geometry. (a)-(j) Top-views of the magnetization configura-
tion of the device at selected t.
Here, in order to further analyze a deformed skyrmionium,
we calculated the D tensor components as well as the I ten-
sor components as functions of time for different current in-
jection geometries. For the CPP geometry, the components
of the D and I tenors for the skyrmionium are found to vary
with time when j > 6 MA cm−2, indicating the distortion of
the skyrmionium and the deviation of the Thiele equations so-
lutions from the simulation results [see Figs. 9(a) and 9(e)].
Obviously, the components of the D and I tenors for the
skyrmion vary little with time, indicating its distortion is much
smaller as compared to that of the skyrmionium at a certain j.
For the CIP geometry, as shown in Figs. 9(b-d) and 9(f-h), the
components of the D and I tenors for both the skyrmionium
and skyrmion are almost constant with time when j < 100
MA cm−2, which justifies that the distortion of the skyrmio-
nium driven by the CIP geometry is much smaller than that
driven by the CPP geometry at a certain j.
Figure 10 demonstrates the destruction process of a
skyrmionium driven by the CPP geometry of j = 18 MA
cm−2. It shows that the skyrmionium is obviously distorted
once the driving current is applied. Due to the opposite forces
exerted on the inner and outer skyrmions of the skyrmion-
ium, the inner skyrmion with Q = −1 shrinks and the outer
skyrmion withQ = +1 expanses, leading to the destruction of
the inner skyrmion with Q = −1 [see Figs. 10(d) and 10(e)].
The destruction is possible because of the lattice structure in-
herent to the system [45]. Hence the skyrmionium withQ = 0
is transformed into a skyrmion with Q = +1, which contin-
ues to move rightward, and then is destroyed by touching the
upper edge since the SkHE is active [see Figs. 10(i) and 10(j)].
VI. MOTION OF A BILAYER-SKYRMIONIUM
Because the distortion and destruction of the skyrmionium
in the high-speed operation are detrimental to practical appli-
cations, we therefore construct the bilayer-skyrmionium in a
nanotrack consisting of two antiferromagnetically exchange-
coupled FM layers, which is supposed to have no distortion
in motion, similar to the bilayer-skyrmion reported in Ref. 30.
The nanotrack, with l = 750 nm and w = 150 nm, con-
sists of three layers, that is, the bottom and top FM layers
with D = 3.5 mJ m−2 and the middle nonmagnetic spacer.
The thickness of each layer equals a. We assume the inter-
layer antiferromagnetic exchange coupling constant is equal
to−A/15. A bilayer-skyrmionium is first created and relaxed
near the left end of the nanotrack, that is, with its center at
(0.12l, 0.5w), before we applying the driving current. For the
CPP geometry, a spin-polarized current is injected into the
bottom FM layer from the bottom. For the CIP geometry, a
spin-polarized current is injected into both the bottom and the
top FM layers from the left. Details on the CPP and CIP ge-
ometries used here are described in Ref. 30.
The steady velocity of the bilayer-skyrmionium vbi-skium as
a function of j for different current injection geometries is also
given in Fig. 7. It can be seen that the bilayer-skyrmionium
has the same j − v relation of the skyrmionium when it is
driven by the CIP geometry. However, vbi-skium induced by
the CPP geometry is basically a half of vskium induced by the
CPP geometry at a certain j. The reason is that the CPP ge-
ometry is only injected into the bottom FM layer, but drives
both skyrmioniums in the bottom and the top FM layers. Sim-
ilar results hold for the bilayer-skyrmion as investigated in
Ref. 31.
Figures 11(a) and 11(b) show, respectively, the initial states
of the bottom and the top FM layers of the bilayer nanotrack,
where a relaxed bilayer-skyrmionium is located near the left
end. Figures 11(c) and 11(d) show the motion of the bilayer-
skyrmionium driven by the CPP geometry of j = 30 MA
cm−2, where the bilayer-skyrmionium moves along the nan-
otrack without any distortion, and reaches a steady velocity
of vbi-skium = 134 m s−1. Figures 11(e) and 11(f) show the
motion of the bilayer-skyrmionium driven by the CIP geom-
etry of j = 100 MA cm−2 with β = 0.6. The bilayer-
skyrmionium also moves along the nanotrack without any dis-
tortion, reaching a steady velocity of vbi-skium = 78 m s−1. It
can be seen that the bilayer-skyrmionium driven by the CPP
geometry can reach a steady high velocity (higher than 100
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FIG. 13. (Color online) (a) The topological number Q, (b) the normalized in-plane magnetization components (mx,my), (c) the normalized
out-of-plane magnetization component mz , (d) the total micromagnetic energy Etotal and demagnetization energy Edemag, (e) the exchange
energy Eex and PMA energy EPMA, and (f) the DMI energy EDMI as functions of t. The topological transition of Q = 0 → Q = +2 occurs
within 1000 ps, indicating the success of the unzipping event. Vertical dashed lines indicate the selected times corresponding to the snapshots
shown in Fig. 12. Light yellow background indicates the time span of the unzipping process.
m s−1), and it will not be distorted in the high-speed motion.
The reason is that the bottom and the top skyrmioniums are
strongly coupled due to the interlayer antiferromagnetic ex-
change coupling, where the SkHEs acting on the skyrmions
with Q = +1 and the skyrmions with Q = −1 consisting the
bilayer-skyrmionium are totally suppressed.
VII. UNZIPPING OF A SKYRMIONIUM
In this section, motivated by the recent theoretical pro-
posal of creating skyrmions by magnetic domain walls (see
Refs. 22 and 24) and its subsequent experimental realization
(see Ref. 14), we investigate the transformation process from
a skyrmionium with Q = 0 into one pair of skyrmions with
Q = +1 in a nanotrack device, as demonstrated in Fig. 12.
The device, with D = 3.7 mJ m−2, has a length of l = 400
nm. It includes two wide nanotracks with w = 150 nm, and
a narrow nanotrack with w = 14 nm. The thickness of the
device equals a. By exploiting the junction geometry, one
pair of skyrmions can be generated from a skyrmionium. A
skyrmionium is first created and relaxed at the center of the
left wide nanotrack, then the driving current of j = 400 MA
cm−2 with β = 0.3 with the CIP geometry is injected to the
device from the left, driving the skyrmionium into motion to-
ward the narrow nanotrack. The j inside the narrow nanotrack
is proportional to the j inside the wide nanotrack with respect
to the ratio of the wide width to the narrow width. No external
magnetic field is applied in the process.
As shown in Fig. 12(a), the skyrmionium is relaxed at the
center of the left wide nanotrack at t = 0 ps. When the driv-
ing current with the CIP geometry is applied, the skyrmionium
shifts toward the right direction. When the skyrmionium ar-
rives at the junction interface at t = 130 ps [see Fig. 12(b)],
the outer peripheral spins are in touch with the sample bound-
ary forming a magnetic domain wall in the narrow nanotrack,
whereas the other part of the skyrmionium continues to move
due to the driving force in the right wide nanotrack. The mag-
netic domain wall in the narrow nanotrack reaches the right
terminal at t = 200 ps [see Fig. 12(c)]. Then, the structure
is deformed into a pair of two downward magnetic domains
separated by upward background spins at t = 350 ps [see
Fig. 12(d)]. The two magnetic domain walls in the narrow
nanotrack form a skyrmion at t = 410 ps [see Fig. 12(e)].
Hence, the first created skyrmion enter the left wide nanotrack
at t = 530 ps [see Fig. 12(f)]. At t = 750 ps, two new
magnetic domain walls are formed in the narrow nanotrack
[see Fig. 12(g)]. Therefore, the second skyrmion starts to be
created at t = 810 ps [see Fig. 12(h)]. The second created
skyrmion enters the left wide nanotrack at t = 950 ps [see
Fig. 12(i)]. Thus a pair of skyrmions forms at t = 1000 ps
[see Fig. 12(j)], which can continue to propagate in the left
wide nanotrack. We call this process as the unzipping of a
skyrmionium.
The corresponding topological number of the device in-
creases from Q = 0 for the nontopological skyrmionium
to Q = +2 for a pair of skyrmions, as illustrated in
Fig. 13(a). The normalized in-plane magnetization compo-
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FIG. 14. (Color online) (a) Domain wall spins and (b) core spins as
functions of t. The domain wall spins are defined as the spins which
have −0.5 < mz < 0.5, while the core spins are defined as the
spins which have mz < 0. Square, circle and triangle symbols de-
note the data for the skyrmionium, unzipping process and skyrmions,
respectively.
nents (mx,my) of the device oscillate within a very small
amplitude during the unzipping process [see Fig. 13(b)], while
the normalized out-of-plane magnetization component mz is
increased when a pair of skyrmions is created [see Fig. 13(c)].
It can also be seen that the total micromagnetic energy of
the device shows several sharp changes during the unzip-
ping process [see Fig. 13(d)], which correspond to the crit-
ical moments where the skyrmionium is destructed and/or
the skyrmions are formed as shown in Fig. 12. It should be
noted that the vertical dashed lines in Fig. 13 denote those
critical moments shown in Fig. 12. The total micromagnetic
energy remains basically the same value when the unzipping
process has been completed, indicating that a skyrmionium
and a skyrmion in the given device are on the same level of
metastability. On the other hand, the demagnetization en-
ergy of the device increases during the unzipping process [see
Fig. 13(d)], which may as a result of the dipole-dipole interac-
tion between the two skyrmions. The exchange and PMA en-
ergies of the device decrease at the same time [see Fig. 13(e)],
which indicates that the total length of the magnetic domain
walls forming the two skyrmions are shorter than that form-
ing the skyrmionium. For the same reason, the DMI energy of
the device also increases during the unzipping process which
shows the same profile as that of the demagnetization energy
[see Fig. 13(f)].
For the purpose of revealing the relations among the domain
walls length, the energies, and the magnetization, we first cal-
culate the number of domain wall spins as a function of time
during the unzipping process [see Fig. 14(a)]. The number
of the domain wall spins is proportional to the total length of
the domain walls in the device, where the skyrmionium and/or
skyrmions could be complete or broken (see Fig. 12). Simi-
larly, we also calculate the number of the core spins as a func-
tion of time during the unzipping process [see Fig. 14(b)]. The
number of the core spins is proportional to the total area of the
spins pointing along the−z-direction, where the skyrmionium
and/or skyrmions could be complete or broken (see Fig. 12).
It can be seen that both the numbers of domain wall spins
and core spins decrease with time. As pointed above, the ex-
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triangle symbols denote the data for the skyrmionium, unzipping pro-
cess and skyrmions, respectively.
change and PMA energies are proportional to the total length
of the domain walls in the device. Indeed, we find the pro-
file of the domain wall spins matches well with the profiles of
the exchange and PMA energies with respect to time [com-
pare Fig. 13(e) and Fig. 14(a)]. Also, we find the horizontally
reversed profile of core spins agrees with the profile of the out-
of-plane magnetization component with respect to time [com-
pare Fig. 13(c) and Fig. 14(b)]. The reason is that the out-of-
plane magnetization component is proportional to the area of
the domains which are pointing along the +z-direction, and
is inversely proportional to the area of the domains which are
pointing along the −z-direction. It is worth mentioning that
the number of core spins of the skyrmionium is basically two
times than that of the two skyrmions [see Fig. 14(b)]. It indi-
cates that the radius of the skyrmion is much smaller than that
of the skyrmionium in the given device.
In Fig. 15(a), we show the out-of-plan magnetization com-
ponent as a function of the number of core spins. We
also show the exchange energy and DMI energy as func-
tions of the number of domain wall spins in Fig. 15(b) and
Fig. 15(c), respectively. Obviously, it can be seen that the out-
of-plane magnetization component is inversely proportional
to the number of core spins, that is, the area of the domains
pointing along the −z-direction. On the other hand, it shows
that the exchange energy and the DMI energy are proportional
and antiproportional to the number of domain wall spins, that
is the the total domain wall length in the device. Since the
exchange interaction and the DMI prefer uniform and twisted
spin structures, respectively, it is reasonable that larger do-
main wall spins, which are twisted spin structures, result in
higher exchange energy and lower DMI energy.
VIII. CONCLUSIONS
In conclusion, we have investigated the generation of a
skyrmionium in the nanodisk by applying the spin-polarized
current with the CPP geometry. We have shown that the
skyrmionium in the nanodisk can be controlled and manip-
ulated by applying the perpendicular magnetic field, which
could result in the degeneration of the skyrmionium with the
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topological transition of Q = 0 → Q = ±1. We have also
demonstrated that it is possible to drive the skyrmionium into
motion in the nanotrack by applying the spin-polarized cur-
rent, either with the CPP geometry or CIP geometry. It is
found that the driving current with the CPP geometry can
result in a better mobility of the skyrmionium. The steady
velocity difference between the skyrmionium and skyrmion
is proportional to the driving current density when they are
driven by the spin-polarized current with the CPP geometry
in the nanotrack. While the skyrmionium and skyrmion have
no steady velocity difference when they are driven by the spin-
polarized current with the CIP geometry in the nanotrack. In-
deed, the distortion of the skyrmionium is found when the
skyrmionium travels in the nanotrack, which is caused by
the strong intrinsic SkHE. Importantly, we find that the dis-
tortion of the skyrmionium driven by the spin-polarized cur-
rent with the CPP geometry is much more significant than
that driven by the spin-polarized current with the CIP geom-
etry for the same current density. Nevertheless, intriguingly
there are parameter regions where the skyrmionium travels
straightforward without any deformation or obvious deforma-
tion. We have also demonstrated that the bilayer-skyrmionium
will not be distorted in the high-speed motion. In addition,
we have shown that it is possible to transform a skyrmion-
ium into a pair of skyrmions with the topological transition
of Q = 0 → Q = +2. Our results of the generation of
a skyrmionium, its field-driven manipulation, as well as its
current-driven transportation will be useful for designing fu-
ture skyrmion-skyrmionium hybrid applications.
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